ralsols and carry a high risk of subsoil exposure, raising the soil aluminum concentration to a toxic level, following the mechanical clearing of natural forest restricted to areas on easily weathered basic rock, typically basalt 5, 6 . Ferralsols, and their associated soil types of basic rock origin, occur under wide-ranging climates where the mean annual temperature exceeds 22°C and the mean annual precipitation exceeds 700 mm 6 . They are distributed in parts of Cambodia, Vietnam, Thailand, Malaysia, and Indonesia 6 . Tropical monsoon forests still remain in eastern and northeastern parts of Cambodia, where Neogene to Quaternary basalt is distributed 22, 23 . However, the physicochemical properties of the region's forest soils are still not fully understood, despite increasing pressures from rapid economic growth and development.
Earlier studies of Cambodian basalt soils focused on agricultural production and soil mapping 2, 7, 9 and clarified that "red soil" or Latosols (= Ferralsols) occurred on basalt area in combination with "black or brown soils" or basic Lithosols 7 . The red soil was recognized as having high agricultural potential for rubber plantations, compared to the neighboring black or brown soils 2, 7, 9 . Recently, studies have also examined carbon sequestration in basalt soil in relation to reducing atmospheric greenhouse gas levels and thus minimizing the effects of global warming. Toriyama et al. 16 reported that forest soils on basalt had a higher mean carbon stock than those on sedimentary rocks for both evergreen and deciduous forest types in Cambodia. The composition of soil organic carbon, however, remains uncertain.
Soil organic carbon consists of various functional pools with different chemical properties and turnover rates 11, 12, 20, 21 . The density fractionation approach is intended to separate these functional pools by the use of heavy liquid 12, 20 . In many cases, the low-density fractions such as fresh plant debris have high carbon to nitrogen (C/N) ratios and turnover rates, compared to high-density fractions such as organo-mineral complex 11, 12, 20, 21 . The climatic and mineral controls governing the quality and turnover rates of each density fraction are important processes for the stabilization of soil organic carbon 12, 21 . These studies have also helped develop the conceptual models that explain the flow of soil organic carbon in the decomposition process 12, 20 . By evaluating the density fractions of soil organic carbon in tropical monsoon forests where the functional pools of soil carbon are less well studied, future study could upgrade the conceptual models to the process models for predicting carbon dioxide emissions from forest soils during forest logging and sequential agricultural production in the region. As a preliminary study, the density fractionation of soil carbon should be applied to several forest sites, including different forest types and topographic features in tropical monsoon regions. Accordingly, this study aimed to characterize the soil physicochemical properties and the components of soil organic carbon using the density fractionation approach and clarifying their relationships to the basaltic landscape in tropical monsoon forests on Cambodian basalt.
Materials and methods

Study site
The study site was located in Mondulkiri and Kampong Thom provinces, Cambodia (Fig. 1) . The geology of the two regions is extensively basalt and referred to as Neogene to Quaternary mafic volcanic rocks 22, 23 . In both regions, five evergreen sites (E1-5) and a deciduous forest site (D1) were selected.
The study area in Mondulkiri is an undulating zone near the border with Vietnam (Fig. 1) . The study area forms part of a basalt plateau with a height below 1000 m a.s.l. The mean annual temperature and rainfall of Mondulkiri province (around 900 m a.s.l.) are 20°C and 2250 mm, respectively. A hill evergreen forest plot (E1) at 908 m a.s.l., three secondary evergreen forest plots (E2-4) at 687, 461, and 227 m, respectively, and a deciduous dipterocarp forest plot (D1) at 526 m were established. In the high elevation area of Mondulkiri, shifting cultivation has been conducted by ethnic groups, similarly to the other mountainous areas of Cambodia 2 . The repeated burning of grassland has also been conducted in the area surrounding the E1 site 2 . However, little information ex- . The forest biomass was highest in the secondary evergreen forest (sites E2-5), followed by the hill evergreen forest site (E1) and deciduous dipterocarp forest site (D1, Table 1 ).
Soil morphology
Sites E1−2 and site D1 are located in areas of Ferralsols and Cambisols, respectively, and sites E3−4 are on the transitional zone between the two soil types 2 . Site E5 is situated in an area of Acrisols 2 . In each forest plot, soil auger boring was undertaken to obtain a representative soil profile in the area and we established soil profiles ranging from 90 to 200 cm in thickness (Appendix 1). In general, the high elevation (> 600 m) evergreen forest soils exhibited more advanced weathering of soil parent materials compared to those at low elevation (< 500 m) sites, except for the E5 site. The main soil color was redder in sites E1 and E5 (2.5YR in Munsell color), followed by sites E2, E3, and D1 (5YR), and E4 (7.5YR) respectively. The soil of site Dl was black in color (5YR 1.7/1-2/1) in the A horizon. Soils in sites E1, E2, and E5 did not contain coarse mineral fractions. Weathered gravel or boulders were observed in sites E3, E4, and D1. The soil thickness exceeded 7 m in sites E1 and E2 and 1.5 m in site D1, according to a penetration test using a dynamic cone penetrometer 8 .
Soil sampling and analysis
Soil samples for physicochemical analysis were collected from each horizon and placed in plastic bags. Further soil samples to measure the bulk density, gravel, and coarse organic matter content were collected from the middle depth of each horizon and placed in three l00-mL (19.6 cm 2 × 5.l cm) steel cylinders. For air-dried soil samples (< 2 mm), pH (H 2 O and KCI) was determined using a glass electrode. The cation exchange capacity (CEC) and exchangeable bases (Ca, Mg, K, and Na) were determined using ammonium acetate 13 (pH 7) and atomic absorption and flame emission spectrometry (SOLAAR S2, Thermo Electron Co., Ltd.). Exchangeable Al and H were evaluated by titration using 1 M KCl 25 . The effective cation exchange capacity (ECEC) was defined as the sum of exchangeable bases and exchangeable Al and H. Base saturation and Al saturation were defined as the ratio of exchangeable bases to CEC and exchangeable Al to the ECEC, respectively. The total soil carbon (C) and nitrogen (N) contents were assessed using the dry combustion method (Sumigraph NC analyzer NC-22F,Sumika Chemical Analysis Service, Ltd.). Clay (< 0.002 mm) and fine silt (0.002-002 mm) contents were determined using the pipette method 3 , coarse silt (0.02-0.063 mm) and sand content (0.063-2 mm) were measured using wet sieving, and particle density was analyzed using a pycnometer. The bulk density of fine soils (< 2 mm) and the gravel and coarse organic matter (≥ 2 mm) content were measured on an oven-dry (105°C, 24 h) basis. To evaluate mineral control on soil C storage, free Fe and Al contents 1 were determined using acid ammonium oxalate (Fe o and Al o ) and sodium-pyrophosphate extractions (Fe p and Al p ), and inductively coupled plasma emission spectrometry (OPTIMA 4300 DV, PerkinElmer Co., Ltd.) for the same soil horizons as used for density fractionation.
Density fractionation
Density fractionation was conducted using soil samples from the upper three soil horizons (< 62 cm depth) of with a minor change. We separated bulk soil samples into four density fractions. Air-dried soil samples (10 g) were mixed with 1.6 g cm −3 sodium polytungstate (SPT; 30 mL) solution and centrifuged (2000 g, 30 min). The floating material in the SPT solution was then rinsed with deionized water on a glass fiber filter (Kiriyama GF-P, Kiriyama Glass Co., Ltd.) until the electrical conductivity of rinse water became < 50 μS cm −1
. This material was collected as a free low-density fraction (fLF) and then oven-dried at 60°C. The sediment in the SPT solution was treated with ultrasound (80 W, 5 min, 711 J mL
) in a 50-mL tube in ice water using a sonicator with a 13-mm diameter tip. The floating material after sonication (occluded low-density fraction, oLF) was recovered using the same procedure as the fLF recovery. The remaining sediment after sonication was separated by wet-sieving (63 μm). The coarse high-density fraction (cHF, ≥63 μm) was oven-dried at 60°C and the fine high-density fraction (fHF, < 63 μm) was freeze-dried. The C and N contents of the four density fractions were analyzed in the same way as the bulk soil samples. In this study, the fLF contained some clay minerals, which clung to plant debris (Appendix 2). To estimate the C content of the fLF in topsoil, excluding clay minerals, we measured the weight of the fLF in topsoil before and after the dry combustion in the C content measurement. The total C stock at a depth of 0-30 cm was calculated for the low-and high-density fractions, respectively.
Results
Soil physicochemical properties
In general, soil chemical properties were clearly distinguishable between deciduous (site D1) and evergreen forest soils (sites E1-5), and the soils of sites E1−2 also differed in certain chemical properties from those of sites E3-5. The soil of site D1 had higher pH (H 2 O), exchangeable bases, ECEC, and base saturation than those of the evergreen forests ( Table 2 ). The soil exchangeable base levels for site D1 were particularly high in calcium and magnesium compared to those of the evergreen forest soils. The soil of sites E1-2 had a higher pH (KCl) and lower Al saturation in the B horizons than the soils of sites E3-5 ( Table 2 ). The ECEC in the B horizons was lowest in sites E1-2 (0.2-0.8 cmol kg −1 ), followed by sites E5 (1.0-1.2) and E3-4 (5.4-8.6).
The soil carbon to nitrogen ratio (C/N ratio) and soil physical properties were related to elevation. The soil C/N ratios of evergreen forests increased with elevation, except for the E4 site ( Table 3) . The soil C/N ratios in the E1-2 sites were lower in the topsoil than the subsoil, unlike those of the soils at sites E3-5 and D1. The soils of sites E1-2 had lower clay content in the B horizons those in sites E3-5. The mean soil particle density in the B horizons was low (2.64 g cm −3
) at site E4 and high (3.03 g cm
) at site E1 (Table 3 ). The gravel content was clearly higher in the soils of sites E3-4 and D1. No clear trend in coarse organic matter content was observed except for a high value in the soil at site E2.
Density fractionation and free Fe and Al contents
In this section, we refer to the total C (or N) of four density fractions as "four pool-C (or four pool-N)" and distinguish it from the "total soil C (or total soil N)" of bulk soil. The mean recovery of soil mass (= total mass of the four density fractions) was 98.8% for bulk soil samples (N = 18; Fig. 2a) . The mean recoveries of four pool-C and -N were 92.2 and 98.4% for total soil C and N, respectively (N = 18; Fig. 2b, 2c ). In the topsoil horizons (< 11 cm depth; N = 6; Figs. 2b, 2c), the LF (fLF + oLF) accounted for 10.3 and 6.2% of total soil C and N, respectively. The mass of the LF in the second and third soil horizons (≥ 11 cm depth) was so low and undetectable, and the LF-C and -N accounted for 2.8 and 1.3% of total soil C and N, respectively, in the third soil horizons (23-62 cm depth).
The C content in the four density fractions of topsoil was in the order of oLF > fLF > cHF, fHF (Fig. 3a) . It was estimated that the fLF in topsoil contained 286 ± 76 g kg −1 of clay minerals by weight and the C content of the fLF, excluding clay minerals, was 388 ± 76 g kg −1 . A change in the C content of the four density fractions with elevation was unclear, with the exception of the fHF, which correlated positively with elevation (R 2 = 0.66 for topsoil; Fig. 3a ). The C/N ratios of the oLF, fLF, and fHF in topsoil peaked in the soil at site D1 (526 m elevation in Fig. 3b ). The C/N ratio of the fHF varied with elevation in the same manner as for bulk soil (Fig. 3b) because the fHF was the largest component of bulk soil-C and -N. The C stock in the six forest sites (0-30 cm depth) was 40.8-113.7 Mg C ha −1 for the HF (cHF + fHF) and 3.3-7.6 Mg C ha −1 for the LF (fLF + oLF), respectively (Fig. 4) . The Al o , Al p , and Fe p contents were high in the soils of sites E1-2. The Fe o content was higher in the soil of sites E4 and D1 than elsewhere (Table 4) .
Discussion
Characteristics of red-and black-colored soils in relation to the basaltic landscape
The physicochemical properties of red-and blackcolored soils might be influenced by their relative position on the basalt plateau 2, 7, 10 . On basalt plateaus in cen-tral Cambodia, where the elevation is below 200 m, red soils typically occur on the internal side of the basalt plateau, whereas black or brown soils are more common at the outer edge 2, 7 . In the red soil series in Mondulkiri (sites E1-4), the E1-2 sites were located on relatively flat tableland at high elevation (> 600 m), whereas the E3 and E4 sites were located on a hillside and the base of a hill, respectively. The soils of sites E1-2 were strongly weathered in terms of the lack of gravels and characterized by lower pH and exchangeable bases with a stronger red col- isolated basalt region, had closer characteristics to those of the soils of sites E1-2 except for its high exchangeable aluminum content. These differences indicated that the soils of sites E1-2 and E5 on the stable landform of the basalt plateau had been formed over a longer time than the soils of sites E3-4. In addition, the soil of site E4, on the outer edge of the basalt plateau, might be more resistant to weathering than the others because it contained abundant quartz sand, which was supported by the low particle density and a visual judgment of the sand fraction (Table 3) . The occurrence of black soils might also be related to the time of soil formation, as regulated by the position in the basaltic landscape. The soil of site D1 on a hillside was particularly young, compacted, and shallow, was similar to the "black soil" found in central Cambodia 7 .
The presence of fresh rocks in the soil of site D1 might restrict the downward movement of exchangeable bases 7, 15, 17, 19 . The enriched exchangeable calcium and magnesium in the soil of site D1, as with limestone soils 18 , would increase the sorption of soil carbon onto clay minerals 12 and help strengthen the black color of the soil organic matter.
The relationship between ∆pH (= pH(KCl) − pH(H 2 O)) and ECEC in B horizons could show the order of the weathering stage of six sites, from young D1 to advanced E1 (Fig. 5) . The positive value of ∆pH in sites E1-2 is a typical feature of Ferralsols, rich in sesquioxide (Fig. 5) . In summary, it was considered that the variously weathered parent materials, regulated by the relative position in the basalt plateau, resulted in a gradient of soil morphology and soil nutrient conditions in the study area.
Evaluation of soil carbon components and its implications
In this study, the variation in soil C content was primarily attributable to the C content of the high-density fractions across the whole range of elevation. The sorption of soil carbon on clay minerals was considered the key process for stabilization of soil carbon in the study area. The formation of Al-humus complex also stabilizes soil organic matter by inhibiting microbial degradation 12 . The increase in C content in the fHF with elevation (Fig.  3a) might be explained by the gradient of free aluminum (Table 4 ). In addition, the effect of climatic conditions on the C content of fHF is worth considering. The variation in elevation from 132 (E5) to 908 m (E1) in the study area can mean a difference in mean annual temperature of 4.7°C, assuming the change in air temperature as a function of elevation to be 0.6 ºC per 100 m. The cooler temperature at sites of higher elevation could result in slower decomposition on the surface of clay minerals. Unlike the HF-C, the contribution of the LF-C to total soil C in the topsoil was unrelated to elevation (Fig. 4) , generally low (3.3-16.1%), and comparable to previous measurements in humid tropical forests 21 where the LF-C accounted for 5.6 (Oxisols) to 17.8% (Ultisols) of total soil C (0-10 cm in depth, located on the slope of Mt. Kinabalu at 700 m in elevation).
The trend in the soil C/N value also matched that of the high-density fractions of fine particle sizes (Fig. 3b) . The higher C/N ratio of fHF in site D1 than the other evergreen forest sites may reflect the high C/N ratio of the supplied plant debris (LF) in the deciduous forest soil (Fig. 3b) . Among five evergreen forest sites with similar C/N ratios of LF (Fig. 3b) , the higher C/N ratios of fHF at sites E1-2 than those of E3-5 indicated the reduced microbial degradation of soil organic matter on clay minerals due to the higher free aluminum content and cooler temperature in E1-2 as discussed above. Another possible factor behind the high C/N ratio of fHF in sites E1-2 was the land use history in the area of high elevation 2 , i.e. shifting cultivation by ethnic groups and repeated burn- The fLF (no clay) represents fLF excluding clay minerals, which was estimated assuming that 1) plant debris contained 10% ash, 2) the weight of clay minerals was constant before and after the dry combustion, and 3) the C content of clay minerals was the same as that of the fHF. The oLF in part of the plots was not analyzed due to the small sample size.
ing of grassland, though little information on land use history was available for each forest plot. In the lowland tropics 24 , the history of deforestation and the sequential occurrence of grassland increased soil C/N ratios in subsoil horizons. Future studies used to analyze tree species composition or the use of stable isotope techniques could help clarify the effects of land use history on soil C stocks. 
Appendix 1. Photographs of soil profiles
